Introduction
In a number of crimes and accidents including fires, plane crashes, traffic accidents or terrorist attacks, the degradation of biological material by the effect of high temperatures must be addressed [1] [2] [3] . A remarkable example is the attack on the World Trade Center towers in 2001 and the problems with victim identification, which were largely associated with high temperatures (approx. 1100°C at Ground Zero) [4] [5] [6] . As a result of the high temperature exposure, the DNA available for analysis is highly thermally degraded and frequently present in very few copies. A trace amount of template DNA available for amplification very frequently leads to different types of artifacts such as a lack of amplification of particular alleles (allele drop-out) or loci (loci drop-out) [7] [8] [9] [10] . The problem of the effect of high temperature on biological material and the possibility of DNA identification has been rarely mentioned. It is well known that biological and/or physical DNA degradation www.fhc.viamedica.pl depends on many factors like temperature, humidity, UV penetration, type of soil etc. [11, 12] . The degree of degradation also depends on the type of analyzed tissue. In the cases of severely degraded human tissues full DNA profiles are obtained more effectively from hard tissues than from soft ones since DNA from bones is usually less degraded than that from blood or soft tissues [3] . Additionally, in case of hard tissues typing success rate depends on type of human bones used for identification purposes [13] . DNA yield and stability in different soft human tissues vary substantially [14] and are highly dependent on physical and chemical factors. In many cases reduction of amplicon size, like substituting STR (Short Tandem Repeats) with miniSTR loci or SNPs, can drastically improve DNA typing results [9, 11, 12, 15] .
Success of DNA profiling process depends also on the number of DNA copies available to PCR amplification. Usually, when DNA template is drastically degraded and nuclear DNA typing gives negative results, mitochondrial DNA (mtDNA) typing gives satisfactory results [16] [17] [18] . Since only few authors have studied the effects of high temperatures on the success of DNA identification, we decided to systematically investigate the availability of DNA isolated from various human tissue samples exposed to high temperatures of 100-1000°C for 5 and 10 minutes.
Material and methods
In our experiments DNA isolated from various human tissues of different thicknesses exposed for 5 or 10 min to temperatures in the range from 100°C to 1000°C was profiled using two tactics. The first tactic was based on the analysis of STR (Short Tandem Repeats) and miniSTR loci amplification and, in the case of a negative outcome, mtDNA sequencing was performed. The study was performed using the commercially available STR and miniSTR kits: AmpFlSTR ® SGM Plus ® and AmpFlSTR ® MiniFiler TM [7, [19] [20] [21] [22] . Amplification of hyper variable region I (HVI) of human mitochondrial DNA (mtDNA) was used [2, 4, 23] when STR and miniSTR typings gave negative results. The second tactic used whole genome amplification (WGA) as a method of multiplying the amount of the matrix prior to the amplification of polymorphic DNA loci [24] [25] [26] [27] [28] . WGA technique was applied for bones burned in 900°C for 5 min, which had not given positive results of nuclear and mitochondrial DNA amplification.
Source of reference DNA. Peripheral blood collected from 52 fresh cadavers (up to 32 hours post mortem) was used as the reference material for all analyzed soft tissue fragments and fibula. Buccal swabs collected from healthy donors were used as the reference material for teeth.
Preparation of biological material collected from cadavers.
The following tissues were selected for the study: thigh skeletal muscle, liver, cardiac muscle (front wall), adipose tissue from the abwith fragments of the skin (abdomen), extracted hair (head, occiput), nails (leg), and long bone (fibula). The material was collected from 52 cadavers, with the exception of the long bones, which were collected from 30 cadavers. The study was approved by the Ethics Committee of the Medical University of Gdansk (No. NKEBN/477/2007) and the Ethics Committee of Pomeranian Medical University (PUM BN-001/255/02).
All samples were prepared using sterile, disposable scalpels, blades and scissors, which were washed with sodium hypochlorite and sterile water and subjected to UV radiation (Crosslinker 254 nm Herolab, Herolab GmbH Laborgeräte, Wiesloch, Germany) for 30 minutes.
All bones and teeth were decontaminated as described by Jakubowska et al. [29] . Nails were washed with sterile water (15 min, 500°C, under shaking conditions) which was followed by absolute ethanol washing for 3 min [30] . Hairs were decontaminated according to Jehaes et al. [31] .
All tissues were wrapped in disposable, sterile and resistant to high temperature (1000°C) aluminum foil which was subjected to UV radiation for 30 min to avoid samples spattering. Samples wrapped in foil were placed in the furnace heated to given temperature.
Preparation of healthy teeth collected from volunteers.
In total, 56 healthy teeth, including 21 premolars and 35 molars bearing no signs of dental treatment, were collected appropriately from 29 patients in a dental practice. After collection, the teeth were stored at -20°C until exposure to the high temperature.
Exposure of the biological material to high temperature. Fragments of thigh skeletal muscle, liver, heart (thickness: 2 cm and 0.5 cm), adipose tissue with hypodermis fragments (thickness: 2 cm), fibula fragments (thickness: 2 cm), teeth (thickness: ca. 0.5 cm), were subjected to incineration in a laboratory furnace (ZALMED PL-11/1100, ZALMED, Lomianki, Poland) with the regulated temperatures of 100°C, 300°C, 500°C, 700°C, 800°C, 900°C and 1000°C for 5 or 10 min.
Hair containing hair bulb and nails (from leg) were subjected to incineration in a laboratory furnace at 100°C, 300°C, 500°C, 700°C or 800°C for 5 minutes.
DNA isolation and quantification. The teeth and fibula fragments were ground in a bone mill in liquid nitrogen (6850 Freez Mill, Spex CertiPrep, Metuchen, New Jersey, USA). DNA was isolated from the peripheral blood and incinerated biological material using the phenol-chloroform method with proteinase K treatment [32] . DNA was purified twice Amplification of the whole human genome using WGA technique. The PEP (Primer-Extension Preamplification) method was used for the whole human genome amplification [26] . The method was validated and modified in our laboratory [27] and used to amplify thermally degraded DNA. It was applied for two fibula fragments incinerated at 900°C for 5 min.
Analysis of DNA loci. The isolated DNA was subjected to amplification using commercial multiplex PCR kits AmpFlSTR ® SGM Plus ® (allele size range: 100 bp-350 bp) and AmpFlSTR ® MiniFiler TM (allele size range: 75 bp-280 bp) (both Applied Biosystems) [20] [21] . The HVI region of mtDNA was sequenced using the HVI F15971 R16410 primers and the BigDye Terminator Cycle Sequencing Kit 1.1 (Applied Biosystems). The reactions were performed according to the manufacturer's manuals. If possible, 1 ng of DNA was added; otherwise, a lower amount of DNA was added (particularly extracted from the teeth). SGMPlus and MiniFiler products were separated and analyzed using ABI Prism 3130 (Applied Biosystems), and mtDNA was sequenced using an ABI Prism 310 (Applied Biosystems). For MiniFiler and SGMPlus profiles, the threshold value for the analysis was established at the 100 RFU (relative fluorescence unit) level.
Ways of identification analyzed samples with reference DNA. The autosomal loci (SGMPlus and MiniFiler) and the mtDNA HVI region of the experimental and reference samples were analyzed. The profiles were subjected to detailed analysis as follows: the concordance with the reference sample profiles and, in particular, the completeness of the profiles (allele drop-outs and locus drop-outs), the heterozygote balance and the presence of additional amplicons (drop-ins) in a size range of the analyzed loci were investigated. The presence of all the alleles consistent with those observed in the reference material was evaluated as 100%, and the complete lack of amplification as 0%. The significant difference of the heterozygote alleles was set to the height of one of the alleles of less than 60% [33] . For the mtDNA, the legible, correct sequence obtained for all the tested samples was determined as (+), and the complete lack of amplification as (-). Tables 1 and 2 show the percentage of the amplified alleles (SGMPlus, MiniFiler) and the results of the mtDNA profiling obtained for all the analyzed tissues incinerated at different temperatures for 5 or 10 minutes.
Results

The percentage of amplified SGMPlus and MiniFiler alleles and the result of mtDNA profiling obtained for different tissues
The thermal stability of DNA in hair and nails
No amplification of any of the tested loci of the SGMPlus, MiniFiler or mtDNA sequences was obtained for the samples of hair and nails subjected to temperatures ranging from 100°C to 800°C (Table 1) . A negative result for the hair samples was expected because 100°C treatment led to their complete incineration. The negative amplification results were also observed for nails ( Table 1 ).
The effects of high temperatures on teeth DNA profiling
Complete DNA profiles that were consistent with the reference material and artifact-free were obtained for healthy, nonrestored teeth for all the tested markers (SGMPlus, MiniFiler and mtDNA HVI) only after exposure to 100°C for 5 and 10 min (Tables 1 and 2 ). In the SGMPlus system, the teeth exposed to 300°C for 5 and 10 min gave a positive signal for 63% and 31% of alleles, respectively, with allele and locus drop-outs. Particularly long amplicons such as FGA, D16S539, D2S1338 and D18S51 were lost ( Figure 1 ). There were no other artifacts in the analyzed profiles. However, all the loci were properly identified after the identical treatment, when using MiniFiler method, which analyzes the amplicons of shorter length than SGMPlus and thus gives a better probability of obtaining a signal for more degraded matrices. Figure 2 shows the MiniFiler profiles obtained for the teeth subjected to 300°C and 500°C for 5 min. Increasing the temperature to 500°C and higher resulted in a complete inability of the SGMPlus and MiniFiler profile determination (Table 1) .
In an attempt to increase the amount of the DNA template, two teeth from the same person, instead of one, were subjected to the temperature of 500°C. However, no positive effect for the SGMPlus and MiniFiler systems was obtained (data not shown).
Complete sequences of HVI mtDNA, identical with the reference sequences, were obtained only for teeth samples exposed to 100°C, 300°C and 500°C for 5 min (Supplementary Figure 1) . 100 100 + 100 100 + 100 100 + 100 100 + 100 100 + 100 100 + 0 0 -100 100 + 100 100 + 100 100 + 66 100 + 52 100 + 0 0 -0 0 -
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100 100 + 100 100 + 100 100 + 100 100 + 100 100 + 100 100 + 0 0 -100 100 + 100 100 + 100 100 + 63 100 + 45 100 At higher temperatures (700-1000°C), teeth underwent partial or total incineration, which led to failure of mtDNA amplification.
Among tooth samples subjected to combustion for 10 minutes, complete profiles were obtained with SGMPlus kit after 100°C, and with MiniFiler after 100°C and 300°C exposure (Supplementary Figures 2 and 3) .
We showed ( Table 1 ) that the exposure of teeth to 300°C for 5 min provides full MiniFiler and mtDNA profiles and a partial SGMPlus profile (63%), whereas exposure to 300°C for 10 min yields a full profile for MiniFiler and mtDNA and a partial profile (31%) for SGMPlus.
The effects of high temperatures on bone DNA
The fibula fragments were subjected to combustion at temperatures from 100°C to 1000°C for 5 min (Table 1). After 100°C, 300°C, 500°C, 700°C and 800°C exposure, all the MiniFiler and SGMPlus loci were identified (Supplementary Figure 4) . The obtained DNA profiles did not show the allele and locus dropouts and were consistent with the reference material.
Burning the fibula fragments obtained from 6 subjects at 900°C for 5 min resulted in almost complete degradation of nuclear DNA. The amelogenin locus underwent amplification, however, only in 2 of 6 bone samples (for each bone SGM Plus and MiniFiler results were consistent) ( Table 1) . Therefore, mtDNA stability was tested. In 4 of 6 tested samples (two amelogenin locus positive and two amelogenin locus negative), a reliable HVI sequence was obtained (Supplementary Figure 5) .
For the remaining two samples, the mtDNA sequence was not obtained, therefore the PEP method [27] was applied, and then the HVI mtDNA region was analyzed. For one of the two samples, the complete and reliable HVI mtDNA sequence was obtained, which was identical with the reference www.fhc.viamedica.pl sequence. No mtDNA profile was obtained for the second sample subjected to PEP preamplification. According to our previous research, WGA methods, including PEP (Primer-Extension Preamplification) technique, may be useful in some cases in analyzing LCN or degraded DNA in forensic genetics, especially after application of some improvements (sample pooling and replicate DNA typing) [27] . Figure 3 shows the HVI mtDNA profile obtained after PEP preamplification for fibula fragments burned at 900°C for 5 min. A similar attempt at DNA reactivation with PEP was undertaken for bones exposed to the highest analyzed temperature of 1000°C, however, neither of the two analyzed bones yielded a positive result in the mtDNA analysis. Exposure to such a high temperature for up to 5 minutes resulted in an almost complete incineration of the bones, which completely prevented mtDNA determination even after the initial preamplification with PEP.
DNA isolated from fibula fragments exposed to 900°C and 1000°C for 10 min underwent very strong degradation as well. No amplification was obtained for the tested loci of MiniFiler, SGMPlus and mtDNA (Table 2) .
Temperatures above 900°C caused incineration of all the tested tissues, and, thus, no positive result was obtained for nuclear DNA and mtDNA (Tables 1  and 2 ).
The influence of temperature, duration of combustion and thickness of the examined soft tissue fragments on DNA stability
Combustion of soft tissue for 5 minutes
Complete and reliable SGMPlus, MiniFiler and mtDNA profiles (heterozygote ratios ≥ 60% and lack of allele drop-out and loci drop-out and additional peaks) were obtained for thin fragments (0.5 cm) and adipose tissue with hypodermis fragments exposed to 100-500°C for 5 min (Table 1) . After the exposure to at higher temperatures (700-1000°C), the adipose tissue did not yield amplification in any of the tested systems Nails fragments n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Comparison analysis was performed as described in Material and methods. For the mtDNA, the legible, correct sequence obtained for all the tested samples was determined as (+), and the complete lack of amplification as (-). Values represent percentage of alleles consistent with those observed in the reference material, full profile was evaluated as 100%, and the complete lack of amplification as 0%. Figures 6 and 7) . For other soft tissues, i.e. fragments of heart, liver and thigh muscle tissues, the treatment at 700°C and higher temperatures led to the occurrence of incomplete and imbalanced SGMPlus profiles with a heterozygotes ratio below 60% (Supplementary Figure 8) . The fragments 0.5 cm-thick at higher temperatures than 800°C yielded no amplification products at all the SGMPlus loci (Table 1) . Complete profiles for MiniFiler (Supplementary Figure 9 ) and mtDNA were obtained for the tissues treated at temperatures from 100°C to 800°C. No signals were obtained for the tissues treated at 900°C or 1000°C (Table 1) .
To examine the effect of the tissue thickness on the possibility of DNA identification, four-fold thicker fragments of soft tissue were analyzed; 2 cm-thick www.fhc.viamedica.pl fragments of heart, liver and thigh muscle exposed to temperatures up to 900°C yielded complete and reliable profiles for all the tested systems (SGMPlus, MiniFiler and mtDNA). However, at 1000°C no DNA profiles were obtained for any of the three systems tested ( Table 1) .
Combustion of soft tissues for 10 minutes
As compared with the combustion of the analyzed tissues at various temperatures for 5 minutes, extending the high temperature exposure to 10 minutes reduced the ability of successful SGMPlus, MiniFiler and mtDNA analysis at 300°C (Table 2) .
Complete and reliable SGMPlus, MiniFiler and mtDNA profiles of thin tissue fragments (0.5 cm--thick) were obtained after treatment for 10 minutes at 100-300°C (heterozygote ratios ≥ 60% and lack of allele drop-out and loci drop-out and additional peaks ( Table 2) .
After the treatment at higher temperatures (500-1000°C), the adipose tissue did not yield amplification in any of the tested systems (SGMPlus, MiniFiler and mtDNA) ( Table 2 ). For the other soft tissue samples, i.e. fragments of heart, liver and thigh muscle, exposed to 500°C, we observed incomplete SGMPlus profiles (Supplementary Figure 10) . Full MiniFiler and mtDNA profiles were obtained for 0.5 cm-thick fragments of heart, liver, and thigh muscle exposed to temperatures from 100°C to 500°C (Supplementary Figure 11) .
Complete and reliable profiles of all the analyzed systems (SGMPlus, MiniFiler and mtDNA) were obtained from the 2 cm-thick fragments of heart, liver and thigh muscle (except for adipose tissue) exposed to temperatures from 100°C to 500°C (Table 2) . The treatment at higher temperatures (800-1000°C) resulted in the lack of DNA amplification in all the analyzed systems (SGMPlus, MiniFiler and mtDNA) ( Table 2) .
Figures 4 and 5 show the effects of the temperature, combustion time and thickness of the thigh muscle sample on the SGMPlus and MiniFiler signals, respectively. To compare the effects of several factors on the signals of the DNA profiles, we tried to maximally stabilize several factors, such as the DNA input in the PCR reaction (1 ng if possible) and the conditions of injection and electrophoresis (injection time 5 sec, injection voltage 1.2 kV, EP voltage 15 kV, oven temp. 60°C). Particular points of the curves show the sum of the areas of the peaks for all the alleles in the profile, which exceeded the height of 100 RFU (relative fluorescence units). As expected, it was observed that prolonged exposure to high temperature increased degradation of DNA in thigh muscle tissues. The graphs (Figures 4 and 5) show that an increase in the thickness of a tissue sample and a reduction of the time of exposure to high temperature caused less DNA degradation than reduction of the thickness and prolongation of the exposure. The clear effect of DNA degradation was visible from 100°C (Figures 4 and 5) , www.fhc.viamedica.pl while the highest degradation effect was present for the 0.5 cm-thick fragments.
The analysis of the curves for the 2 cm-thick samples treated for 10 minutes and the 0.5 cm-thick samples treated for 5 minutes shows, that in the given conditions, the time of the high temperature exposure has higher effect on DNA degradation than the thickness of the tissue fragment (Figures 4 and 5) . For 0.5 cm-thick fragments of thigh muscle exposed to high temperatures for 5 and 10 minutes, we observed lower (0.5 cm, 5 min) or significantly lower (0.5 cm, 10 min) amplification signals (RFU) for SGMPlus loci, compared with 2 cm-thick fragments of thigh muscle exposed to the same temperature for 5 and 10 minutes (Figure 4 ). DNA of a 2 cm-thick muscle fragment exposed to high temperature for 10 minutes undergoes www.fhc.viamedica.pl faster degradation at 500°C than DNA present in the 0.5 cm-thick tissue fragment and exposed to a high temperature for 5 min. A similar phenomenon was observed for the MiniFiler loci ( Figure 5 ). These findings suggest a practical hint for the collection of body parts exposed to high temperatures (e.g. fires after explosions resulting in bodies' fragmentation). In such cases, for identification purposes by DNA analysis the fragments of highest weight (thickness) should be preferred.
Discussion
In cases of crimes and random events (arsons, fires, air catastrophes) and particularly in terrorist attacks, high temperatures cause severe thermal degradation of biological material [1] [2] [3] [4] [5] [6] . The main aim of this study was to investigate the availability of DNA isolated from various human tissue samples (thigh skeletal muscle, liver, cardiac muscle, adipose tissue with hypodermis fragments, hair, nails and fibula fragments) exposed to high temperatures of 100-1000°C for 5 and 10 minutes.
Our findings show that hair and nails are completely unsuitable for identification purposes in temperatures higher than 100°C. Hair and nails are products of epidermis and are composed primarily of keratin, which is insoluble in water. It appears that their small water content plays an essential role in unsuccessful typing of these biological samples. There are no published data concerning the influence of high temperature on DNA contained in hair and nails.
We showed that mtDNA present in teeth is more stable in high temperature than nuclear DNA. In our opinion, the higher sensitivity of mtDNA method compared with STR and miniSTR profiling is caused by the high copy number of mtDNA in cells, and thus a greater probability of correct identification. Remualdo et al. [34] studied the possibility of amplification of DNA isolated from teeth subjected to 200°C, 400°C, 500°C and 600°C for 60 minutes. They found that amplification of the autosomal loci of 50% of the samples exposed to 200°C and 400°C was successful (they applied organic method of DNA isolation), whereas after exposure to higher temperatures (500°C and 600°C), only mtDNA could be successfully amplified [34] . In the experiments of Dobberstein et al. [35] , human teeth were subjected to accelerated thermal degradation at 90°C. They found that amplification of nuclear DNA (164 bp) and mtDNA (260 bp) was possible with samples exposed to this temperature for up to 48 hours. Repeatable and reliable amplification of STR sequences was possible for samples exposed at 90°C for up to 16 hours. The most rapid thermal degradation of DNA was observed after the first six hours of exposure [35] . Tsuchimochi et al. [36] subjected teeth to temperatures of 100°C, 200°C, 300°C, 400°C and 500°C for 2 minutes and showed that amelogenin locus and Y chromosome sequences could be identified only up to 300°C treatment. Thus, both these observations as well as our findings, demonstrate low thermal stability of the DNA in human teeth.
DNA contained in fibula fragments is more stable in high temperature in comparison with teeth DNA, as showed in our paper. Cattaneo et al. [37] exposed human bones (just after death and exhumed) to 800°C to 1200°C for 20 minutes. According to the authors, these conditions are equivalent to the temperatures occurring during house fires or when a car burns. It was not possible to obtain an mtDNA profile for the aforementioned conditions in any of the cases. These results are consistent with those obtained in our study. As demonstrated in this publication, a new strategy enabling identification of highly thermally degraded DNA contained in bones may be application of PEP technique.
There is lack of published data on the influence of temperature, duration of combustion and thickness of the soft tissue fragments on DNA stability. Our work provides important new findings showing that high temperature degrades DNA in hard tissues such as teeth and bones to a greater degree than in soft tissues. The results obtained for the analyzed soft tissues (fragments of heart, liver and thigh muscle) suggest that significantly higher water content could be one of the reasons for the greater stability of DNA in soft tissues compared with that in hard tissues and hair and nails. The high heat capacity of water might protect the DNA contained in these tissues.
We have also demonstrated that higher thickness of a tissue sample and a reduction of the time of its exposure to high temperature caused less DNA degradation than reduction of the thickness and prolongation of the exposure. The obtained much higher amplification signals (RFU) of the MiniFiler than for the SGMPlus profiles indicate that short DNA fragments are preserved much longer in high temperature and therefore offer more opportunities to achieve positive DNA identification. It appears that in the genetic analysis of victims of high temperature injuries, soft tissues and tissues located deeper in the body yields a better probability for identification than hard tissues, because of the demonstrated thickness effect on DNA preservation. Therefore, in the cases of fragments of human remains exposed to high temperature, samples of soft tissues of the highest weight (thickness) should be collected for the genetic analysis, which gives the best chance of successful identification. 
Conclusions
The performed experiments have clearly shown that DNA stability in tissues subjected to high temperatures depends on tissue type and thickness and time of exposure being the major ones. For the identification aims targeting shorter amplicons, thicker tissue sample, and application of mtDNA profiling are the recommended techniques. Nails and hair are not suitable for identification purposes since they are highly prone to complete thermal degradation at 100°C. High temperatures degrade DNA in hard tissues such as teeth and bones to a greater degree than in soft tissues. In cases of high temperature exposure on fragments of human remains, the thickest parts of soft tissues should be collected for identification purposes. In cases of negative mtDNA typing application of the WGA technique could provide the expected results for highly degraded DNA templates. Tissues exposure to temperatures higher than 900°C does not allow obtaining DNA profiles in any of the analyzed loci for any tissue.
